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A.IRCRAFT1

A free-swiveling vane-type pickup for measuring air flow direction

‘!&e
both the angle-of-attack and angle-of-sideslip Mrections is descri%ed.
device, which is intended to telemeter flow direction from pilotless

atrcraft, has vsxiahle-inductance outputs suitable for use in the 100 to
200 kcps subcarrier frequency range of the NACA l@MM telemetering s~tem.
Prelimhary test results indicate that it cam also be adapted for use with
the-audio sficarrier frequencies of the Research and Development Board
standard 134-IMtelemetering system.

Test results are presented which indicate that the pi- is aero-
dynamically stable and has an accuracy, obtained from a bench calibration,
of better than 0.3° under conditions including acceleration up to 20g in
any direction, ~ch nunbers from O.5 to 2.8, and dynamic pressures up to
at least 65 psi.

Equations and curves which can be used to obtain flow direction at
the center of ~vity of a maneu’wring mmiel are presented.

INTRODUCTION

In the determination of many aerodynamic parameters of aircraft in
free flight, it is necessaryto know the attitude of the airframe with
respect to the re-tive wind. various ins-truments have been used on
piloted aircraft to measure flow direction, but these instruments are
generally unsuitable for use on high-speed pilotless-aircraft models
because of their large size or their inability to withstand the Mge
accelerations and aerodpamic loads which are encountered.

Esxly in the development of the NACA pilotless aircraft research
programs, a simple self-dining vane-type instrument for measuring flow
direction was designed and used (ref. 1). This instrument had the

%upersedes declassified NACA Research Maorandum L53K16 by Wallace
L. Ikard, 1954.
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necessary strength and small size; although this instrument was free to
rotate about only one axis and thus gave flow direction in only one plane,
valuable data were obtained from many models.

A desire to obtain more complete research data from each flight
.soon made it apparent that a dual-flow-direction @trument which could
completely define the flow direction with respect to the aircraft axes
should be devised.

The purpose of this report is to outline the problems, which were
encountered in the design and use of such an instrument, and to present
the performance charact=istics of the final instrument.

Reqytrements for a flow-direction pickup to be used in the NA.CA
pilotless aircraft research programs are as follows:

Accuracy: For use in the pilotless aircraft research programs, the
instrument must have absolute accuracy of at least 0.2° and a resolution
of at least 0.1° under acceleration loads of 20g h any direction with
dynamic pressures ranging from 1 to 90 psi at any Mach number from 0.5
to 3.0. Accelerations of the order of ~g should cause no permanent
changes h calibration.

Dynamic response: The natural frequency and &n@ng characteristics
of the instrument should be such that accurate data can be obtained from
models -euvering at frequencies up to 15 cps tn the operating range
described previously.

Size: Because of the s- scale of some models used in the research
“ progrsms, the size of the instrument is an important factor; a frental

srea of less than 1 square inch is desirable.

Mounting positfon: Illorder to minhize the effects of flow d.is-
turbances, the critical aerodynamic surfaces of the device should be for-
ward of the model and mounting.

Aui@= =f.uw: The instrment should be capable of measuring flow
ang’dariw up to 17 from an arbitmry mounting axis.

Electrical output: Separate outputs proportional to the local angle
of attack and singleof sideslip w5%h no interaction between the two quan-
tities are reqtied. For use with the MACA FM-AM telemetering system,
the electrical output should consist of & inductance change of approxi-
mately 50 microhenries. T’@ inductance pickoff, which must be suitable
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for use in the 100 to 200 kcps band, should have a nominal value no
greater than O.5 ndlllhenry.

.

?kmperature stabiJlty: Since -skintemperatures of 400° F to 700° F
may be reached during short periods of flight at high supersonic speeds,
the device should have sufll?icienttempe?xrburestability and thermal lag
to operate properly under these conditions for periods of 1 to 2 minties.

simplicity: Since each pickup is expended in flight, the caliln?a-
tion should be direct and simple and the cost should be low.

DEVELOl?MEIW!OF T3?STRUMEWI

Systems which give a more or less direct indication of flow direction
were considered before undertaldng the design of the instrument described
herein and mqy be listed in three general.groups: instruments in which a
measurement is made of differential pressure between appropriately located
orifices on a h~sphere, cone, or other aerodynamic shape (ref. 2), null-
seeking clifferential-pressure instruments (refs. 5 and 4 ), and free-

ts (refs. 1 and 5).swiveldng vane-@pe @strumen

The vane-type system of measurement was chosen for several reasons.
The first system requires accurate measurement of a wide range of rela-
tively low pressures, which is very difficult to obtain under the accel-
eration loati encountered. Systems using the second method have been
too bulky or complex to meet the requirements of si.mplici~ and mounting
forward of S- IIK)dds. Previous experience with the third method,
vane-type pickups, at the Langley Laboratory indicated that such a device
could be made to meet the requirements.

The first experimentalpickup was constructed and tested with the
head configuration shown in figure l(a), which consisted of an ogive body
tangent to the conical nose, stabilized with four 600 delta vanes. .(All
vanes describ~ herein me flat plates with sharp leading edges and blunt
trailing edges.) The internal configuration of figure 2(b) was used in
this and all Subsequent tests. Very satisfactory angulsr calibrations of
this mrxlelwere obtained in the Langley 9- by 12-inch supersonic blowdown-
tunnel at Mach numbers of 1.4, 1.6, * 1.96.

.

Further tests, however, proved the configuration to be dynamically
unstable in a narrow Mach number range between approximately 0.93 and 0.97.
A theory waE advanc~ that this instabiliw was the result of an unstable
shock-wave condition existing near the rear of the body w the local
velocity of flow passed through Mach number 1.0. In order to check this
theory, the original configurationwas modified as shown in figure l(b)
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by addition at the rear of the body of an annular spoiler extending
0.1 inch into the atistresm to provide a stable point of attachment of
a strong shock wave. Tests proved that the spoiler greatly reduced
oscillations at transonic speeds but resulted in poor operation at sub-
sonic speeds.

ti an effort to obtain a configuration possessing good stability
at transonic speeds along with other desirable characteristics, the body
shape was modified as shown in figure l(c), and one instrument was con-
structed ushg each of the three different vane configurations (shown
as dotted lines in figure l(c)). The body was essentially the original
configuration with the exception that the resr part of the ogive was
replqced with a tangent 5° conical section in order to reduce shock-
wave difficulties and to increase the aerodynamic demping. Theory shows
(ref. 6) that flaring the body In this mnner moves the aerodynamic cen-
ter of pressure rearward and increases the ~c -Q= ~ 0-
to increase the effectiveness of the aerodynamic damping further, the
moment of inertia of the moving parts was reduced to a minimum.

Wind-tunnel tests were made on these three configurations in the
L9ngley high-speed 7- by lo-foot tunnel at Mach nunibersfrom 0.5 to 1.1.
Although flow conditions in this tunnel were rough and would, of course,
cause more oscillation in the pickup than would be encountered under free-
flight conditions, tests there served as a means of comparing instruments
under adverse conditions. Results of these tests were as follows: The
rectangular-vane configuration (hbeled no. 1) oscillated violently at
a%out 20° dcnibleamplitude starting at about a l&ch nuriberof 0.95. This
test was not continued higher in Mach mmib~ to deterndne whether the
oscilktion would stop. I?aththe delta (no. 2) and arrowhead-vane (no. 3)
configurations operated satisfactorily throughout the Ikch ntier range
of the test. Although tunnel roughness showed up slightly more with the
delta-vane configuration, it was selected for the final design because it
is mechanically stronger and less difficult to form by die casthg.

DllSCIKPITOliOF INSTRUMENT

Sketches of the final configuration of the dual-flow-directionpickup
which was designed to meet the stated requirements are shown b figure 2.
Tbe pickup makes use of a sting-mounted, vane-stabilized head which is
pivoted well ahead of its aerodynamic center of pressure on a free-
swiveling universal joint. Body and vanes sre conibinedso that they
rotate aa a unit; tlms, the aerodynamic surfaces are placed ahead of all
fM parts. w delta vanes are swept back 600, are flat in cross-
section, and have shsrpened leading edges and blunt trailing edges. T&
body, which is shown in nmre detail in figure l(c), is an ogival shape
modified by addition of conical tip and conical afterbody sections.
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.

Overall exposed length of the instrument when mounted is 7 inches.
The frental axea is approximately 1 sq~~ tich. Overall weight,
including head and mounting sting, is 0.32 poud.

The universal joint pivot (fig. 2(b)), which is provided with
adjustments for ramving play from the bearings, acts to separate the
flow-direction measurement into two components. Bearing axis A, bearing
axis B, and the instrument mounting ad-s intersect at a conmon point.
With this arrangement, the inductance of coil A, which is controlled by
the relative position of core A, varies only when the head rotates about
axis A. h inductance of coil B lfkewise varies only when the head
rotates about axis B.

With this internal configuration, if the instrument is mounted with
axis A parallel to the lateral axis of the aircrati, the local angle of
attack and angle of sideslip are indicated, with no interaction, by the
inductance of coil A and coil B, respectively. The definitions of these
-twoterms are given in reference 7 and may be stated as follows:

Angle of attack: The acute angle between two p=es defined as
fOllows: One plane includes the lateral and longitudinal axes of the
aircraft; the other plane includes the lateral axis of the aircraft and
the relative wind vector.

Angle of sideslip: The acute angle between the plane of symetry
of the aircraft and the relative _ vector.

The inductance pickoffs, as sketched in figure 2(b), each consist
of a conical powdered iron core which nmves on an arc through a powdered-
iron enclosed coil. The coil, of enameld copper wire, is wound on a
smald.plastic spool. In a typical in.staldationusing the maximm full-
scale range of 30°, the coil uses @ turns of no. 38 wire and has an
inductance at 0° of 0.09 millihenry. The total variation of inductance
over the calibrated ramge is O.@ mi3J_ihenry,an inductance change of
1.3 percent per degree. This sensitivi~ figure holds to within about
5 percent for any inductance value used on the subcarrier frequencies of
the NACA telemetering system.

With the exception of bearings and aerod-c surfaces, dimensional
tolersmces used in the construction are tO.005 inch. On the die-cast
heads, vane alinement is held to within *O.1° of the body axis; concen-
tricity of the body sections is held to *O.001 inch full indicator reading.
Bearing shafts and sleeve bearing bores are held to tolerances of
iO.0002 inch on the diameter.

. ..—. — .-. ——.-— ---———— -—. —.— — —— —.... .. —-— - -. -—
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In the I?ACAtelemetering system, the
of a subcarrier oscillator. Several such

,.

.

pickup controls the frequency
oscillators, operating in dif-

ferent frequency bands between 100 and 200 kcps, simultaneously amplitude-
modukte a 217 mcps carrier; this modulation is transmitted from the model
to the ground receiving station. At the gound station, the s~carrier
frequencies are separated and fed into individual frequency discriminators
which produce direct-current outputs proportional to the frequency devia-
tion of the sticarrier oscillator. These current outputs are recorded on
multichannel oscillographs.

Each of the variable-inductance outputs of the dual-flow-direction
pickup is connected into the resonant inductance-capacitancecircuit of
a subcarrier osciUator. The oscillator may be tuned to any subcarrier
frequency; the internal oscillator inductance in series with the pickup
is adjusted so that full-scale variation of the pickup inductance results
in a total frequency deviation of approximately 2 kcps.

The errors in the telemetering system due to instability of the
electronic circuits, calibration, and reading errors are conservatively
estimated to be between 1 and 2 percent of flillstale, exclusive of
pickup errors.

INS!rfmmrr I?ERFOMCE

Aerodynamic Performance

The aerodynamic performance of the final instrument (fig. 2) has been
determined in wind tunnels at Mach numbers from 0.3 to 1.1 and the instru-
ment has been used on free-flight models at lkch ntiers up to 2.8. The
aerodynamic characteristics of this instrument under conditions of dynamic
pressures different from those obtainable in wind tunnels were determined
by the method of analysis given in the appendix.

Frequency response.- The dynamic response of a device such as this

instrument can be determined flmmmeasurements of natural frequency and
damping coefficient under the desired conditions. A convenient means of
experimentally determh@ these factors in a single-dewee-of -freedom
instrument having low damping is to apply an instantaneous change of
input smd analyze the resulting oscillation. These factors were deter-
mined for the dual-flow-directionpickup in wind tunnels by locking the
head at some angle of attack and recording the damped oscillation as it
was released at the desired Mach nuniber. A typical damping record,
obtained at a Mach number of 0.8, is shown in figure 3.

_—. .— —
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The instrument has a high natural frequency, as shown in figure 4,
where natural frequency is plotted against l&ch nuuiberat pressure alti-
tudes of zero, 25)000 feet, and 50;000 feet. These data, up to a Mach
nuder of 1.1, were obtained from tests on the final instrument configu-
ration. Data above a Mach numiberof 1.1 are approximate, inasmuch as
they were calculated from data obtained in testing a similar configuration
having a slightly different body shape. The natural frequency of the .

rument h the range of Mach nudmrs from 0.3 to 1.96 varies from
~~s to 350 cps at sea level and from 10.5 cps to 120 cps at an alti-
tude of 50,000 feet.

Tests on the instrument have proven the damping produced by bearing
friction to be negligible. The aerodynamic damping of the head determined
from measurements at I&ch numbers of 0.3, o.k3, 0.8, and 1.0 is approxi-
mately 5 percent of critical valpe at sea-level conditions and is essen-
tially independent of Mach number.

A damping coefficient this low would be Sufficient for many instru-
ment applications, but experience has proven that the low dsmgdng causes
no trouble in free-flight work, provided the device is securely mounted
and kept out of fluctuating flow disturbances ,causedby the model. Ampli-
tude and phase responses are satisfactory in use because natural frequencies
of the models under similsr conditions wiJJ not exceed about 10 percent of
the pickup natural frequency.

It is shown in the appendix, however, that the aerodynamic damping
coefficient is proportional to the square root of static pressure. There-
fore, in order to retain a reasonable amount of damping when the instru-
ment is operating at high altitudes, a small.amunt of high-viscosity
silicone fluid is introduced into the sleeve bearings of the universal
joint to provide lubrication and viscous damping. It can be seen from
equation (7) that the effectiveness of this viscous damping depends on
flight conditions, stnce the aerodynamic spring constant k is variable
whereas the damping factor A introduced by viscous damping is relatively
constant. The effect of the viscous damping is ~eatest under the con-
ditions of low spring constant and low natural frequency. In order to
keep the dsmp

?
coefficient of the instrument from becoming large at low

natural freque ties ad bringing about appreciable phase lags which vary
with flight conditions, the mount of viscous damping introduced is kept
low and is approximately 1 to 2 percent of the critical value when the
natural frequency is 50 cps.

Hunting or oscillation.- It has been suggested that flat vanes such
as those used in this instrument may have an aerodynamic ‘tdeadspot” or
region of neutral stabili~ near an angle of attack of OO. However,

.—---- .-— ....- ——-— .—. —— —— —-- .—— —.. -—
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,.

since the occasional oscillations of the pickup which have
h free-flight use on rocket models have a total amplitude

been observed
of less

than 0.2°, &is effect, if present, is not consider-~ to be serious. .

Accuracy of laboratory calibrations.- Individual *d-tunnel cali-
bration of an instrument which is used only once is not, of course,
economically feasible. A smle protractor Jig such as shown h fig-
ure 5 is used to calibrate the dual-flow-tiection pickup. It has been
@ractical up to this time to check by ~-tunnel test the accuracy of
such a calibration on the final instrument. However, tests were tie on
the original confirmation of figure l(a), and since its characteristics
we simihr except in the transonic range, it is believed that similar
results could be expected from the final instrume.nt. These angulbr cali-
brations were made in the Langley 9- by 12-inch supersonic blowdown tunnel
at Mach ntiers of 1.4, 1.6, and 1.%, with dynamic pressures between
10.5 and 12.5 psi. In these calibration rums, the pickup was mounted, as
shown in the photograph of figure 6, on a rotatable strut designed to
keep the head at the same location in the tumnel while the mounting was
rotated through the calibration rayge. l%e pickup was calibrated at
several combinations of angles of attack and angles of sideslip. By
accounting for previously measured tunnel stream angles and correcting
for strut deflection and for backlash of the rotating mechanism, the
angle of air flow relative to the instrument mounting was determined with
an estimated accuracy of +0.05°. Each calibration run required approxi-
mately 3 minutes time, during which readings were tsken in 2° increments
through a range of *10°. Readings at an angle of attack of 0° were made “
at the beginning, middle, and end of each run so that corrections could
be made for output drift with temperature. ~ thermal drift due to
an increase of approximately 100° F in the pickup temperature during a
run was equivalent to about a 0.2° change in angle of attack.

The errors in protractor calibrations as obtaind fran wind-tunnel
checks at the three I@ch numbers are shown in figure 7. Through a total
of eight calibration runs (lti data points) the maximum deviation of any
point from the true reading was 0.4°. Eighty-five percent of all readings
were within 0.2°, whereas 50 percent were tithin O.1O. It shcmld be noted
that, when these readings were taken, normal telemetering procedures and
equipment were used, with the exception that the radio-frequency link
was eliminated; that is, the pickup was connected to two subcarrier
oscillators whose outputs were fed directly into frequency discriminators
connected to a recording oscillograph. Angular readings of the pickup
were determined in the normal way
The errors quoted above represent
scale calibrated rsmge.

by reading of t’heoscillograph record,
0.7 percent to 1.0 percent of the full-

.
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Mechanical Performance

The accuracy of a pickup such as this depends to a great extent on
the mechanical precision with which it is constructed. The use of simple
protractor-type bench calibrations requires allnement of the aerodynamic
surfaces to be symmetrical; proper operation under acceleration and aero-

=C la reg~es tkt tm be=qs fit well with very little fric-
tion and that the movable psrts are precisely balanced. It is believed
that, if the tolerances listed under description of the instrument are
held, future tit ruments wilL have aerodynamic accuracies as good as
those listed h the previous section.

Balance and bearing friction.- An analysis of the effects of unbalance
and bearing friction on the accura~ of the pickup reqyires knowledge of
the aerodynamic restoring mment. For any given condition of Mach number
and altitude, the restoring mment per degree, which can be considered
to be an aerodynamic spring constant, can be determined from the moment
of inertia of the head and its natural frequency. The following relat-
ionship can be obtained from equation (6):

where

k

fn

I

k=~f<,
57.3

spring constant, in-lb/deg

natural frequency, cps

moment of inertia, in-lb-sec2

(1)

The moment of inertia of the rotating parts, which weigh 25 grams,

was measured and found to be 0.06 x 10-3 in-lb-sec2. Substituting this
value into eqution (1) gives

k= 0.04 X 10-3fn2 (la)

.

The accuracy with which the instrument can be balanced is limited
by the bearing friction, which has been held below 0.001 inch-pound in
the instruments constructed. Balance is adjusted until the head will
not rotate when placed in any position and vibrated slightly.

The torque caused by head unbalance depends directly on the accel-
eration encountered in flight and.will cause am error dependent upon the

_——... . .. .—. .—.——. —.- — -.—. —. ——.. — —- ————. ——
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aerodynamic spring constant at the particular flight condition. For
instance, at a l@ch number of 0.5 at sea level, the head has a natural
frequency of 50 cps and sn aerodynamic spring constant of 0.1 in-lb/deg
as determined.from figure 4 and equation (la). !l!hus,since the maximum
unbalance is held to less than 0.001 in-lb in any direction, the mximum
udm.lance torque caused by an acceleration of log h ~ direction will
be about 0.01 ti-lb aud will cause an eqyor of O.1°.- Errors caused by
acceleration and mibalamce will decrease when”flight conditions cause
the aerodynamic spring constant to increase from the above value, which
occurs under conditions corresponding to impact pressure

eqml. to 2.7 psi.
~ approximately

Calculations of errors which might be brought about by increased
friction when accelerations and aerodynamic loads increase bearhg
loading are necesssxily approximate. Calculations of the friction of
the shaft on the sleeve bearings were made; these calculations were
based on standard friction coefficients for the materials used. EY
using the measured weights of the head parts and approximate aero-
dynamic drag coefficients for such a shape, calculations were ~de for
several conditions of Mach number, dynamic pressure, and acceleration.
The friction error was found in all cases to be smaller than O.1O. The
presence of very low amplitude oscillations on flight records obtained
from the instrument bear out the results of calculations in indicating
that frictional forces are tiufficient to cause appreciable error.

Mechanical strength.- In order to check the structural soundness
t, ~imilarly of the internal parts, the output hasof the instrumen

been observed during application of static and shock accelerations up
to 100 g. h order to prevent rotation due to residual unbalance, the
angular position of the vanes with respect to the sting was fixed. No
readable output change resulted from the acceleration tests, and later
inspection disclosed no damage.

Electrical Performance

Inasmuch as the instrument was designed prharily for use h the
NACA FM-AM telemetering system, most of the electrical performance data
pertain to operation in the subcarrier frequency range between 100 and
200 kcps. Some testing, however, has been done to determine the feasi-
bility of using it with the audio subcarrier III-FMtelemetering system.

Inductance pickoff sensitivi~ .- Typical inductance values used with
the instrument on NACA telemetering channels range between appro-tely
0.07 and 0.25 mUlikmy at an angle of 0°, depending on chanpel fre-
quency and fuJ1-scale smguhr ramge. !l!bisinductance changes about
1.5 percent per degree of angle. Full-scale calibrated ranges as low
~ +-4°are practical.

w

——
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A typical calibration curve of channel frequency against angle is
shown in figure 8. Linesrity of this calibration, expressed as the
percent deviation from the best straight line, is 1.8 percent.

Temperature stability.- Since the instrument experiences aerodynamic’
heating, tests were made to deterndne the effect of slow and rapid heating
on the zero frequency and sensitivity.

When the instrument was tested at @ient temperatures from -60°
to 350° F, it was found that the $requency reading at @ decreased and
the slope of the calibration curve (sensitivity) ticreased, both changing
at the rate of 1.0 percent of the fti-s tale value per 1000 temperature
change. Experience with inductance pickoffs.of this type indicates that
these temperature shifts are essentially a characteristic of the induct-
ance unit alone.

In order to simulate the rapid heating experienced in rocket-
propelled flight at high Mach numbers, checks were made in which the
head of the instrument was heated rapidly, with a torch, from room tem-
perature to about 400° F. Measurements were We simultsmeously of head
temperature, inductance pickoff temperature, and sticarrier oscillator
frequency. The temperature of the inductance pickoff was found to rise at
an initial rate of approximately 100° per minute, with output frequency
changing at the rate of 1 percent of full scale per minute.

The above tests did not take into account possible errors due to
vane warpage with temperature change; this warpsge can take place if
head castings are not properly stress relieved.

Operation on audio channel frequencies.- In order to check the
feasibility of using the flow direction pickup on audio subcarrier fre-

t was assenibledby using the existing powderedquencies, one instrumen
iron components and coil form and substittihg a winding of 1000 tiirns
of no. 43 wire. The inductance of the resulting coil at an angle of 0°
was l-lmill.ihenries,and the electrical Q at 10 kcps was 3.5.

The instrument was connected to a Bendix TOL-5B inductance oscillator
by using the instrument inductance as half of the 1%.rtleyoscillator coil
and a 10-millihenry choke as the other half. Althouqh the oscil.laterwould
not operate below about 8 kcps with this arrangement, operation above that
frequency was satisfactory. A calibration curve of frequency against
angle using a center frequency of 10.5 kcps is shown in figure 9.

Use of magnetic components specifically suited to awlio frequencies
t usable over most of the channelwould probably result in an instrumen

frequencies of the FM-FM telemetering system.

—— .. —.——------- . . —— .-. ..— .—. .—— e .— —--—— —.-——— .— —-—— . -
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CORRECTIONS fiND PRECAUTIONS IN USE

Pitching Velocity Corrections

In most installations the flow-direction im3icator is located well
forward of the model in order to minhize errors due to the flow field
around the model. Since it is usually desired to refer aerodynamic coef-
ficients to the model center of gravity, it is necessary to.correct the
reading at the pickup location for induced flow due to the pitching
velocity of the model and the curvature of its flight path.

The corrected angle of attack at the center of gravi~ of the model
is given to a good appro-tion by the eqwtion:

Stistituting the quantities
tion (2) becomes

x

where

a%
%
x

v

An

i3

e

6 ‘e‘?R

X6
acg =q+v

usually available

(2)

for determining ~, equa-

P(360gfb -Cos e Cos $!J)].%a%.q+=
V21-C v z-

angle of

angle of

distance

attack at center of grati@ of the nmdel, deg

attack at pickup, deg

between aerodynamic center of vane and center of
fg-avity of model,
of gravi~, ft

veloci~, ft/sec

normal acceleration

positive when vane is ahead of

at center of gravi@ of model,

center

g

acceleration of gravity, fi/sec2

angle between longitudinal axis of mdel and horizontal

.

(3)
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fl roll angle of model with respect to horizontal

13

~/dt indicated
deg/sec

Because cos 0 cos $
greater than 1.0, and

rate of angle of attack alout center of gravity,

cannot exceed 1.0, whereas A. is often much
v is gener~ &eater than”600, it

assumed that ~.
v

. angle of attack at the center

‘W ‘9

In a _&picalmodelhaving

small enough to be neglected,

of gravity is approximately

l..at~ Sillti:i~ in pitch

9 = *20, the correction for

is a maximmn of 0.13° at q

at

+

x

( )X 360gAn+ %-— —
V23CVK

=4ft, V=1000ft/see,
2.5 cps&thpeak &&*5g

is often

and the

(4)

and oscil-
ana peak

pitching velocity and flight-path curvature

= OO.

Frequency Response

13ecausethe damping of this instrument is primarily aerodynamic and
the spring force is entirely aerodynamic, its response is not a function
of the indicated angle, that is, the relative angle between the sting
and the vines, but rather is a function of the angle of the head in space.
The significance of this relationship in.detem~g tti dynamic response
can readily be seen by considering two possible sets of’conditions of
an instrument mounted in a wind tunnel. For the ftist condition, the
instrument is in a tunnel in which the air flow direction is constant but “
the sting is mounted to a device which changes the sting angle h the
tunnel without changing the location of the pivoting axis of the instru-
ment. For the second condition, the sting angle is ftied but the direc-
tion of air flow is vsriable. In both cases, there will be rotation
between the sting and the heed and an indication of changing angle. In
the first case, however, there is no rotation of the head and no change
in the aerodynamic forces on the head. Therefore, since the friction
and damping forces between the head and the sting are negligible, the
angle of the sting with respect to flow direction is indicated with
proper amplitude and no lag, regardless of the frequency of operation.
In the second case, ~ change in the relative angle between sting and
head requires rotation of the head and changes in the aerodynamic forces
acting on it. In this case, the indication of the amgle between the
sting and the flow direction is subject to amplitude and phase errors
depending on the natural frequency and aerodynamic damping of the head.

.—. .—- ---- —..—-.—--—. . .. . .—-- .—— -- —.—. .
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The action of the instrument when mounted on a model in free flight
f- between the two extremes discussed above. The head assumes the
angle of its flight path b space,
folJ_owingequation:

which can be approximated by the

J360g An - Cos e Cos @

[(

x 360g An -
$h=~

Cos 0 Cos $
dt +-—

)]

.&

Va
(5)

v v F

The first term of this eqyation is
center of gravity; the second term. .

the flight-path singleof the model
corrects this for the location of

the pickup. As in equation (3), t~e term
Cos 8 Cos @ may generally

v
be ignored.

i% the same values used in the example following equation (4) are
mibstituted into equation (5), rotation of the head in space is found to
be *O.46° which is less than one-fourth of the tidicated-angle-of-attack
range. If the other factors sre kept constant but the fre~ency of oscil-
lation is varied, the head is found to rotate only *O .060 at a frequency
of ‘jcps and TO.35° when the frequency is 10 cps. Rotation of the head
in space will vary with all factors involved but under practically all
conditions the amplitude of head rotation is considerably less than the
amplitude of the hiicated angle of attack.

The characteristics of the models on which the dud--flow-direction
pickup me used sre such that the natural frequency of the models will
not exceed about 10 percent of the natural frequency of the pickup.
Thus, although the pickup has a damping coefficient of only about 5 per-
cent of the critical value, its aarplitudeand phase errors are very
small. The pickup response calculated under the assumption that it is
being operated at 10 percent of its natural frequency indicates that
there willbe an smplitude error of only 1 percent and a phaee lag of
Od.y 0.6°. However, since the actual head rotation has been shown to
be less than the range of indicated angle of attack, smplitude errors
and apparent phase lag willbe less than calculated. Therefore, when
the pickup is used, it is assumed to indicate the true local flow
direction; amplitude and phase errors in the recorded data are due to
the response of the ground recording system, which canbe measurel and
corrected for, when necesssxy.

— -—_ —— _ _
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IMPROVED S~GL&~ FLOW-DIRECTION PICKUP

.
Work which was carried out in inking a satisfactory dual-flow-

direction pickup also made possible the design of a single-axis flow-
direction pickup which is smaller in size and more reliably constructed
than the one described in reference 1. This instrument, which iS used
on models where the size of the dual-flow-direction instrument is
objectionable or where only one measurement is necessary, simply elimi-
nates one pair of vanes and the associated rotational sxis and sensing
element of the dual pickup; thus, a 30-percent reduction in its size
is possible. The single-axis pickup hsx characteristicswhich are the
same as those of the pickup described in this report, with the exception
that the natural frequency is about 35 percent

CONCLUDING REMARKS

higher.

In use, the dual-flowdirection pickup described above has provided
satisfactory data from pilotless aircraft operatimg at I@ch numbers
from 0.5 to 2.8 and dynamic pressures up to 65 psi. Test results indi-
cate that satisfactory operation can be expected at higher Mach nunibers
and dynamic pressures, with the limitation that errors in reading abso-
lute angles may become excessive due to aerodynamic heating if the
flight time is-long.

The inductance pickoff of the instrument
the 100 to 200 kcps subcarrier frequencies of
system. Satisfactory operation, however, has
higher subcarrier frequencies of the Research
standard FM-FM telemetering system.

characteristics Of.the tit rument maybe

(1) Using only a protractor calibration,

was designed for use on
the NACAI?M-AM telemeterhg
also been obtained on the
and Development Board

sumarized as follows:

the accuracy of the instru-

.

ment under most conditions is better than 0.2°. Resolution is not limited
by the instrument. Particular characteristics effecting the accuracy are
as follows: The aerodynamic “zero” agrees with protractor calibration
zero to within less than 0.2°. Acceleration errors are less than O.O1°
per g when dynamic pressure exceeds 2.7psi; the instrument withstands
shock and static accelerations up to 100 g without damage. The instru-
ment has been used with satisfactory accuracy and stability at Mach num-
bers fromO.5 to 2.8- at dynamic pressures up to 65Psi.

(2) The dynamic response is adequate for use on auy model large
enough for the instrument size to be reasonable. -x coefficient is
approximately 5 percent of critical; the natural frequency at Mach num-
ber 1.0 at sea level is 135 cps.

— — . .—..s -—- — —-——- .- — ——.- .—-.. .— — ——— . -



16

(3) m o~er-a~ eXpOSed length
approximately 1 square inch; and the

NACA TN

is 7 inches; the frontal area
total weight iS 0.32 POW.

3799

is

(4) The instrument is mounted forward of the aircraft.

(5) F1OW ~ection ~les ~th respect to the instrument mounting
axis of up to 15° in any direction can be measured. The instrurienthas
been used satisfactorilywith calibrated ranges as small as &.

(6) Separate variable induc@nce outputs are provided for indication
of local angle of attack and angle of sideslip; there is no interaction
between the two quantities. Induc-ce variation is approximately
1.5 percent per degree of angle.

(7) Static-temperature errors with a calibrated range of 20° are
between O.1° and 0.3° for a temperature change of l(X1°F. A sudden rise
of head temperature of about 320° F above ambient produces an initial
drift of approximately 0.2° per minute.

(8) Calibration is dtiect and simple and the construction costs are
relatively low.

Langley Aeronautical Laboratory,
National Adtisory Comnittee for Aeronautics,

Lan@ey FieH, Vs., Novenber 5, 1953.

.

.
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AJ?PENDIX

MJECEODOF ANALYSIS

.

In order to simplify evaluation of the performance of the instrument
described herein, the assumption was made that at a given Mash nwiber the
aerodynamic forces and moments vary linearly with ~ and ~, the angle

and rate of change of the angle between the head axis and the relative
wind. The instrument can then be represented as a simple mss-spring-
damper system, in which MSS is equivalent to the moment of inertia of
the head and attached moving parts, the spring is the aerodynamic moment
tending to “zero” the head with the relative wind, and the damping is the
sum of the aerodymmd.c and mechanical damping forces on the head movement.
Analyses of the behavior of such systems can be found in standard refer-
ence books such as reference”8. The natural frequency and damping coef-
ficients of
fOllows:

where

fn

5

k

I

A

If my

such devices are related to the instrument parametms as

5 = 100
h

243

(6)

(7)

natural frequency, cps

-ti coefficient, percent’critical

spring constant, in-lb/deg

mament of “tiertia,in-lb-sec2

damping factor, in-lb/radian/sec

mechanical.damping forces which may be present are assuned
to be negligible, the eqution of angular mtion of-the pickup head may
be written in general terms as follows:

( &h )+%@%hqcsz)=o
~+&h~ q@2 (8)

-.--—— -.--—.-————-.—— -— - — —.—— —-. —— --- ——————
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.
where

c~h daMping-moment
Damping moment

coefficient,

Pitching mxnent
pitching+noment coefficient,

~q#2

free-stream dynamic pressure

representative surface area

representative linear dimension

head angle with respect to relative wind

d%
&h=—

dt2

The first and second terms
to A, the damping factor,
equations (6) and (7). At

in parentheses in equation (8) are equivalent
d k, the spring constant, respectively, in
a given l&ch nunber, the coefficients C~h

,-

and ~h are constants, and the terms S and Z are constants for a

given configuration. It canbe seen from equation (8), however, that
the damping coefficient and the spring constant are dtiectly proportional
to ~, the free-stream dynamic pressure. At a given Mach nuder, ~ is

directly proportional to the free-stream static pressure (ref. 9). There-
fore, from equations (6) and (7), it canbe seen that, at a given Mach
nuniber,the natural frequency and damping coefficient of the instrument
are directly proportional to the squsre root of the free-stream static
pressure. These simple relationships were used in calculating the
-trument-performance characteristicsat various pressure altitudes from
data obtained under the tuunel test conditions.

—..—. _—
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(a) Original head configuration.
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(b) Spoiler modification to origimil head.

(c) Three vane configurationsusing same body shape.
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Figwe 1.- Head designs.
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(a) External configuration.
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(b) Universal joint configuration,
exploded view.

Figure 2.- Final pickup configuration.
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Figure 3.- Damping record obtained in Langley high-speed 7- by 10-foot
tunnel. Ikch number, 0.8; static pressure, 9.58 psi.
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Figure 5.- Final instrument configuration mounted in calibrator. ‘
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Figure 6.- Instrument configuration of fig.
9- EY 12-inch swsonic blowdown tunnel

0.3
I I I I I I

“L-82057

2(a), mounted in Langley
for angular calibrations.

I I I I x x 1 I

-12 -10-8-6-4-202 4CB1012

Tunnel angle of attack, deg

Figure 7.- Wind-tunnel check of protractor calibration at the three test
Mach InnIibers.
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Figure 8.- Calibration on 150-kilocycle channel.
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